INTRODUCTION
Ubiquitination regulates protein stability and function, with impact on numerous cellular phenotypes. One paramount function of ubiquitin (Ub) is to determine proteolysis of intracellular proteins. In this process, a Ub chain, composed of at least four Ub branching from K48, is appended to target proteins that are then delivered to the proteasome for degradation (Pickart, 2001) . Nonproteolytic functions of Ub rely on monomeric Ub or poly-Ub chains branched from lysines other than K48. In this case, ubiquitination affects the structure, the activity, or the localization of the target protein, thereby regulating processes, such as DNA repair (Sun and Chen, 2004) , NF-kB-mediated transcription (Chen, 2005) , and endocytosis and trafficking (Hicke and Dunn, 2003) . The functions of Ub largely depend on its protein-interaction ability. Many proteins (Ub receptors) harbor Ub binding domains/motifs (UBD), which interact with mono-and/or polyubiquitin chains (Hicke et al., 2005) . Thus, ubiquitinated proteins and Ub receptors constitute a signaling network within the cell. Some UBDs (CUE, UIM, GAT) can also sustain a process, termed coupled monoubiquitination, whereby a Ub receptor becomes itself monoubiquitinated, through mechanisms that are still largely obscure (see Hicke et al. [2005] for proposed models).
To date, eleven families of UBDs have been identified (Bienko et al., 2005; Hicke et al., 2005) . For six of them, the three-dimensional structure of at least one member has been solved, either alone or in complex with Ub. Three UBDs, CUE, UBA, and GAT, although unrelated at sequence level, display similar structural features, as they fold into a three helix bundle with two helices contacting Ub Kawasaki et al., 2005; Ohno et al., 2005; Prag et al., 2005) . The UIM is a single a helix that packs against Ub (Fisher et al., 2003; Swanson et al., 2003) ; while the UEV folds into an a/b structure contacting Ub through two loops and part of the b sheet (Pornillos et al., 2002; Sundquist et al., 2004) . Finally, the NZF is a zinc finger domain that contacts Ub through residues intercalating the cysteines that coordinate the metal atom (Alam et al., 2004; Wang et al., 2003) .
Despite these structural differences and their likely unrelated evolutionary origins, UBDs show remarkable convergence in the mode of interaction with Ub, which is determined by contacts between a hydrophobic surface on the UBD and a hydrophobic pocket centered on Ile44 on Ub. In almost all characterized cases, Ile44 contacts an extremely conserved residue that is specific for each type of UBD (Hicke et al., 2005) . Variations on this theme are known. In the case of UBM, a recently described UBD, the binding to the ''classical'' hydrophobic patch on Ub is displaced toward Leu8 and apparently does not involve Ile44 (Bienko et al., 2005) . These findings explain why the Ile44 ''face'' of Ub has been totally conserved from yeast to mammals. The extreme conservation of Ub, however, extends to the entire molecule, suggesting that other portions of its surface might be involved in interactions.
The S. cerevisiae protein Vps9p is a guanine nucleotide exchange factor (GEF) that regulates the activity of the Rab-like GTPase Vps21 (Hama et al., 1999) . Its mammalian ortholog, Rabex-5, regulates the activity of the Rab5 GTPase (Horiuchi et al., 1997) . Yeast Vps9p harbors a CUE domain, which interacts with Ub Prag et al., 2003) and determines coupled monoubiquitination of Vps9p Shih et al., 2003) . Moreover, the CUE domain of Vps9 appears to inhibit in cis its GEF activity (Donaldson et al., 2003; Shih et al., 2003) . Mammalian Rabex-5 displays a region of limited sequence similarity with the CUE of yeast Vps9p (Donaldson et al., 2003) ; however, it is doubtful whether this region is a bona fide CUE domain and whether Rabex-5 is a true Ub interactor and/or a ubiquitinated protein. Thus, while models for Ub-mediated regulation of Vps9p activity can be put forward Di Fiore et al., 2003; Donaldson et al., 2003; Shih et al., 2003) , it is unclear whether Rabex-5 is subjected to the same kind of regulation. The present studies were undertaken to shed light on the Ub binding abilities of Rabex-5 and their regulatory role.
RESULTS

Ub Binding Ability of Rabex-5
Rabex-5 displays from N to C terminus ( Figure 1A ) a zinc finger module, belonging to the ZnF_A20 family (Opipari et al., 1990 ); a Vps9 domain, which encodes for the Rab5-GEF catalytic activity; and a putative CUE domain. Using a panel of deletion mutants in in vitro pull-down experiments, we found that Rabex-5 binds to Ub through two independent regions, while its putative CUE is not a UBD ( Figure 1A and see Figure S1 in the Supplemental Data available with this article online). The first Ub binding region (aa 2-49) corresponds to the ZnF_A20 domain. Thus, a third type of zinc finger domain is able to bind to Ub, besides the NZF and the PAZ domains (Hicke et al. [2005] and references within). Henceforth, we refer to this domain as RUZ domain (Rabex-5 ubiquitin binding zinc finger). The second region interacting with Ub (aa 48-74) is adjacent to the RUZ and does not contain any evident sequence similarity with known domains.
Characterization of the MIU
The region from aa 48 to 74 of Rabex-5 is well conserved in vertebrates (Figures 1B and S2; Table S1 ). Secondary structure prediction highlights a putative amphipathic a helix from aa 51 to 70, wherein a signature can be identified (D-f-x-LA-x-x-L-x-x-E-E) that resembles the signature of a UIM (Hofmann and Falquet, 2001; Polo et al., 2003) in a reversed primary sequence orientation (Figure 1B) . This suggested that this region of Rabex-5 represents a novel UBD. Within the 48-74 region, Ala58 lays in a position ( Figure 1B ) similar to that occupied in UIMs by an Ala residue critical for Ub binding (Swanson et al., 2003) . Mutagenesis of this residue to Gly, in full-length (FL) Rabex-5, reduced binding to Ub ( Figure 1C ). In addition, the RUZ-less 48-491 mutant, bearing the additional A58G mutation, showed no detectable Ub binding ( Figure 1C) . Thus, the 48-74 region of Rabex-5 corresponds to a UBD, which we named MIU (motif interacting with Ub).
We searched for other MIU-containing proteins, and found 73 putative MIUs in 62 proteins from all species ( Figure S3 ; Table S2 ). Prompted by these findings, we tested three putative MIUs from Myosin VI and RNF168 and found that they all bind to polyUb chains linked by K48 or K63 ( Figure 1D , left and right panels, respectively). Mutation of the critical Ala to Gly strongly reduced the binding of all tested MIUs ( Figure 1D ). Interestingly, binding to K48-or K63-linked chains was differently affected by the mutations ( Figure 1D ). Whether this reflects selective preferences of various MIUs for different Ub chains, as shown for other UBDs Varadan et al., 2004) , remains to be established.
The MIU Sustains Coupled Monoubiquitination of Rabex-5 A characteristic of some UBD-containing proteins is to undergo monoubiquitination in a process that depends on the integrity of the UBD itself, named coupled monoubiquitination (Hicke et al., 2005) . To check whether the UBDs of Rabex-5 can sustain this process, we coexpressed FLAG-tagged Rabex-5, together with HA-tagged Ub, and found that Rabex-5 is indeed monoubiquitinated in vivo ( Figure 1E ). Next, we tested mutants displaying either a mutation in the MIU (Rabex-5-A58G), the deletion of the RUZ (48-491), or the double mutation (48-491-A58G). The deletion of RUZ did not significantly affect the ability of Rabex-5 to undergo monoubiquitination. Conversely, the A58G mutation severely reduced monoubiquitination of the FL protein or of the RUZ-deleted mutant ( Figure 1E ). Thus, the MIU sustains coupled monoubiquitination of Rabex-5.
Rabex-5 Binds to Ubiquitinated EGFR through its UBDs
We searched for physiological partners of the UBDs of Rabex-5. As shown in Figures 2A and 2B , both FLAG-tagged Rabex-5 and endogenous Rabex-5 could coimmunoprecipitate endogenous EGFR, in a ligand-dependent fashion. In addition, GFP-tagged Rabex-5 was recruited to the plasma membrane upon EGF treatment and remained colocalized with EGFR at several stations of the endocytic pathway ( Figures 2C and S4) .
Rabex-5 preferentially associated with high-molecular weight forms of EGFR, probably representing the ubiquitinated receptor ( Figure 2D ). To verify this possibility, we overexpressed, in HeLa cells, either Cbl-the E3 ligase that ubiquitinates EGFR-or its dominant-negative version 70Z-Cbl, that markedly reduces ubiquitination of the receptor (Yokouchi et al., 1999) . Overexpression of Cbl significantly increased the Rabex-5:EGFR interaction, while the presence of 70Z-Cbl severely reduced it (Figure 2E ). Finally, we tested the impact of the Rabex-5 UBDs on the interaction. The double mutant, Rabex-5 48-491 A58G, did not show appreciable interaction with EGFR, whereas the presence of either a functional RUZ (Rabex-5 A58G) or a functional MIU (Rabex-5 48-491) was sufficient for binding to the EGFR ( Figure 2F ). We concluded that, in vivo, both the RUZ and the MIU are able to engage ubiquitinated EGFR.
Structure of the Tandem RUZ-MIU in Complex with Ub
We determined the crystal structure of the RUZ-MIU fragment of Rabex-5 (aa 2-74, henceforth RUZ-MIU) in Figure 1 . Rabex-5 Binds to Ub (A) Top, schematic of Rabex-5. Amino acid positions and domains are indicated. Bottom, in vitro pull-down assay using the indicated GST-tagged Rabex-5 constructs (see also Figure S1 ). GST-fusion proteins were incubated with synthetic polyUb 2-7 linked by K48 and analyzed in immunoblot (IB) as indicated. (B) Alignment of human Rabex-5 (aa 48-74) with its orthologs from different organisms (see also Figure S2 ; Table S1 ). The secondary structure prediction by SAM-T02 (Karplus et al., 1998) of Rabex-5 fragment 48-74 is depicted above the alignment (a helix, curly line). The signatures of MIU, UIM, and of a reversed UIM are shown; f, large hydrophobic; #, acidic; x, any aa. Abbreviations are as in Figure S3 (E) HeLa cells were transfected with the indicated FLAG-tagged Rabex-5-based constructs, together with HA-tagged Ub. Twenty-four hours after transfection, cellular lysates (0.5 mg, obtained in a buffer containing 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, to reduce coIP of undesired Ub-containing proteins) were immunoprecipitated (IP) and IB as indicated.
complex with Ub in two crystal forms. Form I is hexagonal and contains one molecule of RUZ-MIU and one molecule of Ub per asymmetric unit, while form II is triclinic with six copies of each molecule in the unit cell. Both structures were solved exploiting the anomalous signal from the Zn 2+ ion and refined to 2.4 and 2.1 Å resolution (Table   S3 ), respectively. Representative electron density maps are shown in Figures 4D and 5B. In both structures, all molecules of RUZ-MIU assume similar conformations. The ordered part of the elongated molecule begins at residue Leu17 Rbx and folds, as predicted for the A20-type zinc fingers (Wertz et al., 2004) , into a treble clef motif (Krishna et al., 2003) . This is followed by a helix that harbors the second Ub binding site ( Figure 3A ). Within each RUZ-MIU molecule, the RUZ and MIU domains contact two different molecules of Ub ( Figure 3A) ; conversely, every molecule of Ub contacts two molecules of RUZ-MIU again using two disjoint surfaces ( Figure 3A) .
Comparison of the conformation of the seven crystallographically independent copies of RUZ-MIU identified two regions, corresponding to the RUZ (residues Leu18 Rbx to Trp39 Rbx ) and the MIU plus some flanking residues (residues Arg40 Rbx to Glu64 Rbx ), which are separated by a flexible hinge ( Figure 3B) . Superposition of the different copies of the individual regions yields rmsds (root-meansquare deviations) between 0.2 and 0.3 Å for Ca atoms, indicating that the conformations are, given the coordinate uncertainties of the structures (Table S3) , identical within error. RUZ-MIU can thus be considered as consisting of two rigid domains that are joined together between residues Trp39 Rbx and Arg40 Rbx . The relative orientation of the two domains is dictated by crystal packing forces, Figure 4A ). This arrangement of Zn ligands is characteristic of the treble clef zinc finger motif. However, other features of the treble clef motif, notably b hairpin structures before the first cysteine and in the loop between the second and the third cysteine, are absent in the structure of RUZ-MIU. Despite the lack of regular secondary structure elements, the region between Cys23 Rbx and Cys39 Rbx is structurally well defined due to the presence of an intricate network of hydrogen bonds and salt bridges ( Figure 4A ).
The RUZ is conserved in Rabex-5 from different vertebrates ( Figure 4B ). Characteristic elements such as a particular arrangement of glycines and prolines, needed for the compact fold of the RUZ, are conserved in zinc fingers present in nonvertebrates such as parasites and plants ( Figure 4B ). Some A20-type zinc fingers exhibit close similarity with the RUZ motif, while others, such as Hs_A20.6 ( Figure 4B ) share only a similar spacing between the cysteine residues.
The RUZ contacts Ub in a region centered on Asp58 Ub ( Figure 4C ). As shown in the representative electron density map ( Figure 4D ), the central residue in the binding interface is Ser36 Rbx , which forms hydrogen bonds to both carboxylate oxygens of Asp58 Ub with its amide nitrogen (2.9 Å ) and its Og-atom (2.6 Å ). Asp58 Ub itself connects back to Tyr26 Rbx -N via its carbonyl oxygen (3.0 Å ). Further polar interactions are formed between Cys35 Rbx -Sg and Arg54 Ub -NH2 (3.3 Å ), between Tyr25 Rbx -OH and Glu51 Ub -O32 (2.8 Å ), and between Asn28 Rbx -N and Ser57 Ub -Og (3.3 Å ). The binding between the two molecules is further strengthened by stacking interactions between the side chains of Tyr25 Rbx and Arg54 Ub ( Figure 4E ).
The MIU Binds to Ub through UIM-like Interactions with Reversed Chain Orientation
The second Ub binding site on RUZ-MIU is located on the helical part of the structure and encompasses residues from seven turns of the helix starting with Arg47 Rbx and ending with Phe69 Rbx . Overall, the binding mode resembles that of the complex between Vps27-UIM and Ub (Swanson et al., 2003) , with the striking difference that the helix binding to Ub is accommodated in the opposite direction, i.e., the C terminus of Ub is pointing in the direction of the C terminus of the UBD while in the Vps27-UI-M:Ub complex the C terminus of Ub points toward the N terminus of the UBD Ub (Swanson et al., 2003; Figure 5A) . As in the Vps27-UIM:Ub complex, at the center of the binding interface, Ala58 Rbx (Ala266 Vps27-UIM) is inserting its methyl group into a hydrophobic depression built by Leu8 Ub , Ile44 Ub , His68 Ub , and Val70 Ub ( Figure 5B ).
In UIMs another invariant amino acid is represented by a serine residue at position +4, with respect to the central alanine, which has been described to play an important role for the binding of the UIM of Vps27 and Hrs to Ub (Fisher et al., 2003; Shih et al., 2002; Swanson et al., 2003) . In the NMR structure of the Vps27-UIM:Ub complex, it was found that the hydroxyl oxygen of Ser270 Vps27 is forming hydrogen bonds with the amide nitrogens of Ala46 Ub and/or Gly47 Ub (Swanson et al., 2003) . In Rabex-5, the position equivalent to Ser270 Vps27 is occupied by Asp54 Rbx whose carboxylate group is positioned such that both oxygens can simultaneously engage in separate hydrogen bonds with the amide nitrogens of Ala46 Ub and Gly47 Ub ( Figures 5C and 5D ) leading to a tighter binding. Shih et al. (2002) showed that mutation of Ser270 into Asp in Vps27 reduced 5-to 6-fold the Ub binding ability of the Vps27-UIM. An explanation for this apparent contradiction came by the superimposition of the structures ( Figure 5D ). The amide group of Gln50 Rbx , which in the Rabex5-MIU:Ub complex fixates the Asp54 Rbx -carboxylate in an optimal position via a salt bridge, is not present in Vps27-UIM:Ub complex, where Ser274 Vps27 substitutes for Gln50 Rbx .
The third region of importance in both UIM and MIU binding is a group of glutamates C-terminal (MIU) or N-terminal (UIM) of the central Ala. In both motifs, one of the glutamates forms polar interactions with Arg42 Ub and/or Arg72 Ub . In the MIU-Ub complex, the carboxylate group of Glu65 Rbx forms not only a salt bridge to Arg42 Ub but also accepts a hydrogen bond from the amide nitrogen of Leu73 Ub . The latter interaction, together with a hydrophobic interaction between Phe69 Rbx and the side chain of Leu73 Ub tacks the C terminus of Ub up to Leu73 Ub to Rabex-5 ( Figure 5C ). N-terminal of Asp54 Rbx , two more residues of Rabex-5 are involved in specific contacts to Ub and extend the binding surface. The amide moiety of Gln50 Rbx donates a hydrogen bond to the carbonyl oxygen of Thr66 Ub , and the guanidinium group of Arg47 Rbx forms a hydrogen bond with the carbonyl oxygen of Lys63 Ub ( Figure 5C ). Thus, in total, the resulting binding region for the MIU involves seven turns of the a helix.
Validation of the Two Surfaces of Interaction between Rabex-5 and Ub
The structure of the RUZ-MIU:Ub complex reveals that the two UBDs are able to interact with distinct surfaces on Ub, centered on Asp58 Ub and Ile44 Ub , respectively. We tested two Ub mutants, Ub-I44A and Ub-D58A, for binding to Rabex-5. The I44A mutation strongly reduced the binding of Ub to the MIU but not to the RUZ, while the D58A mutation had the complementary effect ( Figure 6A ). Next, we analyzed mutants in either the RUZ or the MIU. In the context of the isolated RUZ (aa 2-49), we mutagenized Tyr25 to Phe to prevent the formation of the hydrogen bond between the Tyr25 Rbx -OH and Glu51 Ub . We also employed the already-described mutant, A58G, in the context of the isolated MIU (aa 48-74). Both mutants displayed strongly reduced binding to monomeric Ub ( Figure 6B ).
Next, we characterized the interaction of the Rabex-5 UBDs with monomeric Ub, by isothermal titration calorimetry (ITC). The dissociation constants were 12.0 mM for the RUZ:Ub interaction and 28.7 mM for the MIU:Ub one (Figures 6C and S6) . The reactions were exothermic, with a stoichiometry of 1:1.
The RUZ-MIU fragment displayed an apparent K D for interaction with Ub of 6 mM, comparable to those of the isolated domains. This confirms that the two UBDs of Rabex-5 are oriented in a way that precludes their simultaneous binding to a single molecule of Ub, a condition under which a K D in the low nanomolar range would be predicted. Finally, the introduction of the A58G mutation in the RUZ-MIU resulted in a 3-fold reduction in the affinity; conversely, the Y25F mutation did not significantly affected the K D of the RUZ-MIU:Ub interaction, likely because of residual stacking interactions ( Figures 6C and S6) .
Of note, the ITC data suggest a 1:1 stoichiometry for the RUZ-MIU:Ub complex ( Figure 6C ), a finding not (D) Stoichiometry of the RUZ-MIU:Ub complex. One hundred mM purified RUZ-MIU was incubated (1 hr, 20ºC) with either Ub-I44A (100 mM) or Ub-I44A/Ub-D58A (100 mM each), followed by fractionation on a Superdex75 column (Amersham). Fractions from 10.3 to 14.5 ml were separated by Tricine-PAGE and stained with Coomassie (the Ub-D58A variant is retarded because of a 15 residues N-terminal tail).
immediately reconcilable with the structural data. To clarify this point, we analyzed, by size exclusion chromatography, whether Ub-I44A and Ub-D58A, which are respectively impaired in their binding to MIU or RUZ, can simultaneously bind to RUZ-MIU. We observed a peak shift in the elution profile of the RUZ-MIU incubated with equimolar amounts of Ub-I44A and Ub-D58A, as compared to that of the RUZ-MIU:Ub-I44A complex (Figure 6D ). This indicates that Ub can enter a 2:1 complex with RUZ-MIU in solution. The apparent 1:1 stoichiometry, detected by ITC, is most likely a networking effect, due to the presence of two binding sites on Ub for RUZ-MIU (see Figure S7 for details and explanations). The finding that there are two binding surfaces on Ub might have interesting biological implications, if a single Ub moiety were able to contact two different Ub receptors. To investigate this possibility, we performed a binding assay in which GST-MIU (aa 48-74), immobilized onto glutathione-Sepharose beads (GSH), was first incubated with Ub for 1 hr at room temperature and then with purified RUZ (aa 2-49). As shown in Figure 6E , the RUZ domain was efficiently retained on the beads, entering a trimeric complex with the MIU:Ub complex. Thus, Ub can simultaneously interact with two different partners, raising the possibility that in vivo it can bridge together different Ub receptors.
DISCUSSION
In this study, we report the characterization of two UBDs, contained in Rabex-5. These findings not only add to our understanding of the Ub:UBDs interaction but also harbor a number of interesting biological and functional implications. While this manuscript was undergoing review, two papers reported the Ub binding properties and the determination of the structure (Lee et al., 2006) of the N terminus of Rabex-5. The conformation of the molecules, and the interaction surfaces between the N terminus of Rabex-5 and Ub, in this paper and in that from Lee et al. [2006] are in agreement.
The MIU:Ub Interaction
The MIU can be roughly equaled to an inverted UIM. At the level of primary sequence, the MIU did not show significant similarity to the UIM, while it could be aligned rather precisely to a UIM consensus in a reversed orientation ( Figure 1B ). In addition, the HMM profile of the MIU did not recognize any UIM in the database ( Figure S3 ) and vice-versa (S.C., unpublished data). Accordingly, the MIU binds to Ub in a manner similar to the UIM but with the helix running in the opposite direction (this paper; Lee et al., 2006) . In the UIM, the insertion of a methyl group provided by the highly conserved alanine into the hydrophobic depression created on the Ub-surface by Leu8, Ile44, His68, and Val70 identifies an essential contact (Swanson et al., 2003) . The MIU uses the same residue, Ala58 Rbx , to implement this central interaction, and indeed, the mutation of this residue to Gly strongly reduced the binding to Ub.
The MIU:Ub interaction displays higher affinity (K D $29 mM) with respect to that between UIMs and Ub (K D s $100-500 mM; Hicke et al., 2005) . This is mirrored by structural results that revealed the enforcement of individual contacts and the increase in the number of interactions between MIU and Ub. For example, Asp54 Rbx functionally corresponds to Ser270 of the Vps27-UIM. In contrast to the single hydroxyl oxygen of serine, the carboxylate group of Asp54 Rbx has the capacity to engage simultaneously in two hydrogen bonds instead of one, thus gaining binding energy. N-terminal of Ala58 Rbx , the MIU binding interface extends further with interactions mediated by Gln50 Rbx and Arg47 Rbx resulting in a binding region that involves seven turns of a helix and is significantly larger than the binding region of Vps27-UIM, which involves four turns of a helix. To provide all the interaction partners, the helix of the MIU shows a significant bend in the complex (Figure 5A) , which is not seen in the UIM helices (Swanson et al., 2003) . Given the size of the MIU-Ub binding interface and its asymmetry, it is unlikely that few sequence alterations could result in a reversal in the orientation of binding, as observed for the SUMO binding motifs of PIASX (Song et al., 2005) and RanBP2 (Reverter and Lima, 2005) .
Another common feature of UIM and MIU is their ability to drive coupled monoubiquitination (Hicke et al., 2005 ; Figure 1E ). Although the molecular mechanisms of this phenomenon are still obscure, the ability of the UIM to bind to Ub seems to be a necessary condition (Hicke et al., 2005) . It should be mentioned that in the study by Mattera et al. (2006) , a role for the Zinc finger domain of Rabex-5 in coupled monoubiquitination was described. Under our conditions of analysis, we did not evidence a major contribution of this domain ( Figure 1E ).
It is also interesting that in UIM-dependent coupled monoubiquitination, the ubiquitination event seems to occur at Lys residues N-terminal of the UIM . This has been put in relationship with the antiparallel binding of Ub to the UIM. In the case of the MIU:Ub interaction, the two chains are in the same orientation, raising the possibility that MIU-mediated coupled monoubiquitination occurs C-terminal of the UBD. Indeed, we have evidence that this is the case for Rabex-5 (L.P. and S.P., unpublished data).
Finally, we identified a family of MIU-containing proteins and provided evidence that some of them, including Myosin 6, can bind to Ub. Future work will address whether all MIU-containing proteins are endowed with similar (E) Five micromolar GST-MIU or GST, immobilized onto GSH beads, was incubated with 20 mM of Ub and then 5 mM of purified RUZ (aa 2-49, cleaved from the GST moiety) was added to the complex. Detection was performed as in (A). Comparable loading of GST-MIU is shown by Ponceau staining (bottom panel). The presence of RUZ on beads was detected by IB with the anti-Rabex-5 antibody G32, which recognizes the first 49 aa of Rabex-5 (see Supplemental Experimental Procedures).
properties and whether they are also subjected to coupled monoubiquitination. In the case of Myosin 6, a series of evidence (reviewed in Frank et al. [2004] ) supports a role in membrane trafficking, an area in which the involvement of the Ub network is paramount. Thus, it will be of interest to determine how the Ub binding properties of Myosin 6 regulate its function.
The RUZ:Ub Interaction The second Ub binding motif in the N-terminal region of Rabex-5 is a Cys2/Cys2 zinc finger of the A20 type. Another Ub binding Zinc finger, the NZF, has been structurally characterized (Alam et al., 2004; Wang et al., 2003) . However, RUZ and NZF display different folds and modes of interaction with Ub ( Figure S8 ). RUZ binds Ub on a novel surface centered on Asp58 Ub (this paper; Lee et al., 2006) . This surface does not overlap either with the ''canonical'' I44-centered binding surface or with the ''shifted'' surface (Bienko et al., 2005) responsible for interaction with UBM ( Figure S9 ).
An obvious question is whether all A20-type zinc fingers display Ub binding properties. An alignment of some of these domains ( Figure 4B ) revealed that the fourth zinc finger domain of the A20 protein, Znf4, displays the closest homology to the RUZ of Rabex-5. In particular, the first aromatic residue after the first pair of cysteines is a tyrosine, both in RUZ and in Znf4 and not a phenylalanine as in many other A20-type zinc fingers. Of note, we show that a Y to F mutation of that position impairs Ub binding. Moreover, the equivalent of Ser36 Rbx in the Znf4 is a threonine, which is capable of forming the same interactions as in the RUZ:Ub complex. Thus, the Znf4 of A20 might be endowed with Ub binding properties.
We note that the A20 protein displays both deubiquitinating and Ub ligase (E3) abilities (Wertz et al., 2004) . The Znf4 was identified as the critical determinant for the E3 ligase activity (Wertz et al., 2004) . In addition, Mattera et al. (2006) and Lee et al. (2006) provided evidence compatible with the possibility that the RUZ domain of Rabex-5 might be endowed with a similar activity. E3 ligases can either possess intrinsic catalytic activity (HECT-type E3s), or function as adaptors between E2 enzymes and substrates (RING-type E3s; Pickart, 2001) . In this latter case, actual catalysis is executed by the E2. RUZ domains are unlikely to possess intrinsic catalytic activity and therefore are candidates to be E3 ligases of a RING-like type. Our present results show that the RUZ domain binds to Ub. To reconcile all these observations, one might postulate that RUZ-containing proteins are recruited to ubiquitinated E2 enzymes, thus allowing bridging with hypothetical substrates bound to other regions of the same RUZcontaining proteins. In support of this, Lee et al. (2006) have provided evidence for a Ub-mediated interaction between the RUZ and UbcH5C. Such a scenario could be speculatively extended to various other Ub receptors.
Biological Implications
The Ile44-based surface on Ub surface is involved in literally hundreds of interactions with Ub receptors. Further work will be needed to establish whether the surface centered on Asp58 (this paper; Lee et al., 2006) is similarly promiscuous or involved in more ''specialized'' functions. Whatever the case, the fact that a single Ub moiety can simultaneously engage two different partners ( Figure 6E ) adds a new dimension to the complexity of the Ub-based network and provides interesting outlooks. For example, ubiquitination is critical for intracellular trafficking of membrane bound proteins (Hicke and Dunn, 2003) . It was suggested that Ub receptors act serially on monoubiquitinated cargoes, during their transport from the cell surface to the lysosome (Hicke et al., 2005) . However, all UBDs described so far engage the Ile44 Ub -based pocket, making such a ''hand-off'' mechanism difficult to conceptualize. One possibility is that Ub receptors are organized in a hierarchical cascade with increased affinity for Ub. However, our results also open the possibility that Ub receptors with specificity for noncanonical surfaces of Ub are intercalated, in the cascade, to ''canonical'' Ub receptors, thus facilitating the hand-off of the ubiquitinated cargo. Whether Rabex-5 has such a function remains to be established. In addition, the dual binding ability of Ub might allow recruitment of regulating enzymes, at specific points of the cascade, without compromising the sequential delivery of the ubiquitinated cargo: a possible mechanism well fitting the known regulatory properties of Rabex-5.
In this context, the physical association between Rabex-5 and the EGFR, reported here, identifies an important target of the networking ability conferred upon Rabex-5 by its UBDs. By drawing an analogy with the well-characterized EGFR-Sos1-Ras system, we would like to propose that the interaction with ubiquitinated EGFRs allows relocalization of Rabex-5 to the plasma membrane or to early endosomes ( Figure 2C ), thereby allowing activation of Rab5. Another Vps9 domain-containing protein, RIN1, has been proposed for this role (Tall et al., 2001) , which can be directly recruited to the EGFR through SH2:phosphotyrosine interactions (Barbieri et al., 2003) . Rabex-5 and RIN1 could work redundantly; however, it is interesting that they bind to differently posttranslationally modified EGFRs, ubiquitinated and phosphorylated, respectively. Recent evidence has suggested that the EGFR might follow different internalization routes, as a function of its ubiquitination status (Sigismund et al., 2005) . Thus it is tempting to speculate that differential mechanisms of Rab5 activation by EGFR have evolved in the control (and possibly in the coordination) of different endocytic pathways.
We finally note that, during evolution, Rabex-5 loses a UBD (the CUE) but acquires two novel Ub-interacting surfaces. This is reminiscent of what happens to the UIM-containing protein eps15, which in mammals displays a UIM, while in yeast (Ede1p) displays a UBA domain. This suggests positive pressure on functions rather than on structures and, at the same time, probably the ''need'' to evolve more complex modes of operation for the Ub-based network. This might, in turn, reflect the challenge of adapting an originally simple signaling system to the increasing complexity of the endocytic membrane system throughout evolution.
EXPERIMENTAL PROCEDURES
Reagents and Constructs
Antibodies were: anti-Ub (P4D1, Santa Cruz Biotechnology), anti-FLAG and anti-FLAG affinity gel (M2, Sigma), anti-HA (Babco), anti-Rabex-5 monoclonal (G32; see Supplemental Experimental Procedures). Polyubiquitin Lys48-and Lys63-linked chains (2-7 Ub moieties) and bovine ubiquitin, employed in the crystallization studies, were from Boston Biochem. All constructs were engineered by either site-directed mutagenesis or recombinant PCR (see Supplemental Experimental Procedures), and sequence verified.
Biochemical Studies
Transfections were performed using Lipofectamin (Invitrogen). Immunoprecipitation and immunoblotting (Fazioli et al., 1992) and immunofluorescence and internalization assays were performed as described (Sigismund et al., 2005) .
GST fusion proteins were expressed and purified as described (Sessa et al., 2005) . Cleavage from GST was, as appropriate, with PreScission Protease (Amersham Bioscience, 10 unit/mg of substrate, 16 hr, 4ºC), or with biotinylated thrombin (Thrombin Cleavage Capture Kit, Novagen, 1 unit/mg of substrate, 16 hr, RT).
For crystallization studies, the cleaved RUZ-MIU fragment (aa 2-74) was concentrated and loaded on a Superdex75 column (Amersham Biosciences). Fractions containing RUZ-MIU were pooled and incubated for 2 hr at RT with bovine Ub (1:1 molar ratio), followed by concentration and chromatography on a Superdex75 column. Peak fractions were concentrated with Vivaspin concentrators to 20 mg/ml. Usually, 1-2 mg of pure complex was obtained per liter of bacterial culture.
Details of the procedures used for pull-down experiments and ITC assays are in Supplemental Experimental Procedures.
Crystallization and Structure Determination
Crystallization experiments were performed with the sitting drop vapor diffusion technique at 20ºC. To screen for initial crystallization conditions, 100 nl of protein solution, at a concentration of 20 mg/ml, was mixed with 100 nl reservoir solution using a Cartesian Honeybee liquid handler (Genomic Solutions) and equilibrated against 150 ml reservoir solution. Rod-shaped hexagonal crystals (form I) grew with a reservoir consisting of 0.2 M Li 2 SO 4 , 0.1 M MES (pH 6.5), and 25% PEG 3350, while plate-like crystals (form II) grew with a reservoir buffer containing 0.2 M ammonium acetate, 0.1 M NaCitrate (pH 6.5), and 25% PEG 4000. For data collection, crystals were gradually transferred to a cryo-buffer (reservoir buffer supplemented with 20% glycerol) and flash-cooled in liquid N 2 . All data used in structure solution and refinements were collected on beamlines ID29 and BM14 at ESRF (Grenoble, France). Data collection statistics are shown in Table S1 . For both crystal forms, all data were collected from one crystal. Data were integrated and scaled with HKL2000 (Otwinowski and Minor, 1997) and merged with XPREP (Bruker AXS).
Initial phases were derived using the combination of SHELXC, SHELXD, and SHELXE (Sheldrick, 2002) with default parameters from the HKL2MAP graphical user interface. For crystal form I, model building was initiated with a helical fragment placed into the electron density by the HelixBuild module of ArpWarp (Morris et al., 2002) . For crystal form II, a first model containing 438 residues was automatically built into the electron density by ArpWarp. Subsequent cycles of model building and refinement were performed with Xfit (McRee, 1999) and CNS (Brunger et al., 1998) . In the final stages of refinement, REFMAC5 (Murshudov et al., 1999) was used with a TLS description of B values, whereby the rigid groups were identified by automatic analysis of difference distance matrices (Schneider, 2002) .
The structures were analyzed with Xfit, ESCET, and PROCHECK (Laskowski et al., 1993) . Figures were made with PYMOL (http:// pymol.sourceforge.net).
Supplemental Data
Supplemental Data include nine figures, three tables, and Supplemental Experimental Procedures and can be found with this article online at http://www.cell.com/cgi/content/full/124/6/1183/DC1/.
